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o Motivation

Brane setup

Thermodynamics

Fluctuations

e Zero sound
o Diffusion

o Alternative quantization: anyons

o Appetizers from ongoing work, incorporating

e mass for the fundamentals .
[NJ-Ramallo-G. Itsios]

e internal flux aka Higgs branch )
[NJ-Ramallo-G. Itsios]

e Lifshitz z # 1 and hyperscaling violation 6 flﬁ\lJOR lo-J. Jirvels]
-Ramallo-J. Jarvela
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@ We wish to go beyond the paradigm of Landau-Fermi liquid
theory and explore new phases of matter at non-zero density
@ Physical examples (non-Fermi liquids):
o Quark-gluon plasma
e Strange metals
o Heavy electron systems
@ Holography allows to study strongly correlated systems with
no quasiparticle descriptions
@ We consider different holographic models and ask

e How do these models depend on particulars or is there some
universal behavior?
e How do these models behave at low temperature?
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e Dp-Dgqg brane intersection of the type (n|p L q):
o Dp — N, color branes: (p+ 1)-dim. gauge theory in the bulk
e Dg — Nf flavor branes: fundamental hypermultiplets
@ Probe approximation Ny < N.:
e Dp — represented by a gravity solution
e Dg — a probe in the Dp-brane background
@ Coordinates transverse to both branes:
o Z=(z',...,2°7"~P=9) embedding functions
o |Z| =0 — massless quarks

4/21



@ Dg-brane probe action

S = —TDq/ dit¢e /g + F

@ Induced metric for Dp-brane background (massless quarks)

7—p p=T d P
ds§+1 =p 2" (—fp(p)dt2 +dxE .+ dx,f) <+ ppz (f (pp) 4+ pzdﬂi_n_l)
P

(7—p)(P—3)

e (7 e (2)

@ 1, is related to the temperature:

T =
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@ Ansatz for gauge fields

F = —Aldp A dt + Bdx* A dx?

@ Action

SDq = _NVR(n}I) / d,O\/ p>‘ + BZp)‘+p_7\/ 1-— A/t2

@ A; is cyclic variable

p d oy _ 05

t
= = — = d
t \/d2 +pA + BQp)\-‘rp—? ’ < > 6A,t N

@ The dynamics depends solely on p and

1
A:2n+§@—3XP+q—2n—&
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What is lambda?

SUSY intersections (n|p L q) with n = %‘7_4:
’ A=q—p+ 2‘
o Dp-D(p+4) = (plpL(p+4)) > A=6
e Examples: D3-D7, D2-D6
e Dp-D(p+4) = (p—1lpL(p+2) > r=4
e Examples: D3-D5, D4-D6
e Dp-D(p+4)—(p—2lpLp) = A=2
e Examples: D3-D3, D4-D4
Non-SUSY intersections (#ND=6):
e D4-D8/D8 Sakai-Sugimoto model p =4, A =5g=8,n=3
e D3-D7' p=3,A=4,q9=7,n=2
e D2-D8' p=2,A=5,g=8,n=2

Notice that for p =3 — A = 2n.
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Thermodynamics at T=0

@ Chemical potential

1
p=Adoc) =dh g = (/21N (41/)
e Grand potential
" 2 -
0= _soig_she” — _24—7)\/\[7 >\/2,u1+>\/2

Energy density
A
-Q - 1+2/A
€ + Nud T 2N7d

@ Pressure 5
P = —Q = XE
@ Speed of sound
S de A
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Thermodynamics

@ Specific heat for small T:

p—3
—T(Z ) ~ dT5
p;ﬁ3 — Cy (aT) J P

Linear behavior (<» Landau-Fermi liquid) only for p = 4.
@ The p = 3 is special. The entropy is non-vanishing at T = 0:
T)\ T2n

_ _ 1 A 2y
s(p=3)/N=mnd+-(xT)" . cv(p=3)~— "
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Fluctuation spectrum

Collective excitations <+ poles of the retarded Green's functions <>
quasinormal modes <> density waves in the dual field theory

Perturb as A, = A" + a,(p, x*).

Define symm. G and antis. 7 as (g(® + FO)"1 =g+ 7.
Yields Lagrangian

A 4 B2 A\p-T
~ pT+57p
\/p’\ + B2pAtp—T 4 2

<gacgbd jQCjbd + dejab> » fab

f dwdk w, k)efin»ikx

Fourier a, = a,(p, t, x) @n)y v (p,

Solve the equations of motion with the conditions:

e Infalling boundary conditions at the horizon
o No sources at the UV boundary
o Low w, k
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Snapshot of typical QNM: B=0
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Zero sound (T=0,B=0)

e Take small w ~ O(e), k ~ O(e):

w = wgr(k) —il(k),

where (k) is the attenuation (decay rate).

—p 7—

S3—p P
— p)5— 26—p) T—
wp =41/ 2k| | |r= X Bop)r (2 e
A 2“ r 1 2

(5%5)]

Same speed as the first sound!

@ Reproduces the known cases, for example:

N
w

[Karch-Son-Starinets,Brattan&al.,Kulaxizi-Parnachev,Goykhman&al.,. . . ]
k i k? _ _
w:{ iﬁ—% , D3-D7 (p=3,A=6)
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Diffusion mode (B=0)

@ Purely im. mode with w ~ O(€?), k ~ O(e):
w=—iDk* |

where the diffusion constant (d = f/z = <7_—p) P d):
Th

3 2 4 6 8 10 w d

— D2-D4 — D1-D5 13/21



Crossover transition

@ Following the lowest excitation mode as heating up the
system, e.g. in D1-Db:

Im[ w]

Log[

]
Im[w (T =0)]

4
3
2

1

A=2/A
Log[d ]

@ Crossover transition between collisionless and hydrodynamic
regimes, scales as

7— 77—

T5-» T5-r

Weross s | Keross ~

ae}
1e]
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Snapshot of typical QNM, increasing B

@ Increasing magnetic field above a critical value gives the zero

sound a mass, w = wr — Il

2,2 B\ (K B
Ntz e

p—3

2 B2
OJR:i XkQ_FE , r:—
w »
—— 'r k
—
B<B

w

wy ~ B

e massive
A ~ zero sound
k
B>B

m
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@ When n =2 (i.e. bulk gauge field is 4-dimensional),

implement alternative quantization to make A, dynamical
[Witten, Yee]

Mix Dirichlet n = 0 and Neumann n = co boundary

conditions:
[NJ-Lifschitz-Lippert]

1
lim <np§ Fop — 2%5:@5) =0

p—00

Corresponds to a SL(2,7Z) EM transformation: mixes charged
current J,, and magnetic field B

Changes statistics of the particles: anyons
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Anyons: zero sound

@ Cheap way of turning on a “magpnetic field” w/o touching the
background

@ Essentially a shift: B — B — nd
@ Closes the gap for the zero sound

2 B — nd)?
wR:j:\/)\k2+( Mzn )
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Anyons: diffusion

@ Still can find a diffusive mode & = —iﬁmlA<2:
N J2 — ~
b 2Vi+d 1 lAI__(176 p_16 p+1’_d2)
14+d2+ @2 2(6—p)—)\«/1+d2 27 A 2 2

A
w2 31 13 1 «p
+A—2F(§’§_X’§_X’_d)

where m ~ % and corresponds to ST™ transformation.
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Ongoing work: massive quarks

@ Massive quarks in SUSY intersections, speed and attenuation

of O-sound depend on reduced mass:
[Kulaxizi-Parnachev,Davison-Starinets]

m
m= —
1
2 /[1-m2
wr = £/~ 1 2m2
Wi-zE
_ _ 6— 1
m (5— )37‘; 2 2(75 P) (1— )ﬁ_i 1—p
TN ERYELS = K
~ 2 () RN =
(1-2)

@ Speed of sound vanishes when m = p

@ There is a quantum phase transition when m — 1, exponents:
[Ammon& al.]

’2:2 , H:p—Z‘
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Ongoing work: Higgs branch

e Consider A = 4 ie. Dp-D(p + 2) SUSY intersections

@ Turn on internal flux g: non-trivial embedding scalar due WZ
term but still preserve SUSY

[Arean-Ramallo-RodriquezGomez, Myers-Wapler, Ammoné&al]

@ Diffusion constant:

AV Ha+B)+ ) P B)EP )

oo
D= - / Ix
1482 /1 (82+(X77P+BZ)(X37p+a2))\/az+X4+BZ(XP73+(A72)

@ Zero sound mass gap is indep. of g:

X4+X7 94 2d

V) e B [Ty __
4r(5/4) 2 0 VIF XA (14 x4+ xT-rg2d 2"

@ Generalizes to non-Abelian instantons in Dp-D(p + 4)?

)
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[~Dong-Harrison-Kachru-Torroba-Wang]

d 2
ds2,=r " < fr22dt? + r2ds2 + r)

P f,r2
1
rp\Ptz—0 4T z
-1 (2
r p+z—
© Embed probe g- Fragﬁngﬁ IdiO}?cé)sQNﬁn Dey-Roy, (I9ee )Pang,Edalati-Pedrazal

@ Turns out only three parameters:

1—

g , z , £

T D

@ Can compute thermodynamics, diffusion constant, zero sound
dispersions, alternative quantization. ..
@ Can still interpret the zero sound as a Goldstone boson of

.7
U(l)global X U(l)gauge - U(l)d/ag- [Nickel-Son,Edalati-Pedrazal 21/21



